conventional computed tomography for most tasks in dentistry. [5, 6] In recent years, the rapid development of digital technology led to great upgrading in dental technology and comprehensive changes on oral health care equipment, such as CBCT. CBCT can provide information of root and bone without invasion. Gaining three-dimensional (3D) reconstruction models of teeth or bone from CBCT data is becoming increasingly more important in dentistry. For example, the 3D reconstruction teeth or bone model can help make the orthodontic treatment plan, construct individual appliances, and evaluate treatment results, especially to assess the root resorption caused by tooth movement in orthodontics. The 3D reconstruction teeth can be applied to quantitatively detect and measure the root resorption from a 3D reconstruction model. [7] [8] [9] [10] [11] In addition, the 3D reconstruction teeth or bone model can help design a custom-made root-analog implant for immediate implantation, [12] design a surgical guide for dental implant surgery, [13] and simulate and navigate an oral and maxillofacial surgery. [14] Using those models to aid in diagnosis, treatment planning, simulation, and outcome assessment will have a major impact on clinical practice in the near future and the accuracy of tooth or bone segmentation will affect the effectiveness of clinical practice. Therefore, the accuracy of 3D reconstructions from CBCT image data should be assessed.
Various factors possibly influence the accuracy of the 3D reconstruction, such as scanning system, field of view (FOV), examined objects, exposure time, tube voltage and amperage, and also spatial resolution defined by the voxel size. [15] In clinical practice, most CBCT parameters have been preestablished and cannot be adjusted. However, the limited factors, such as voxel size, scanner system, and FOV, might be adjusted by doctors for specific diagnostic tasks and these factors appear to be more important to clinical practice.
Most previous studies usually assessed the accuracy of linear, volumetric measurements on dry skulls, [16] [17] [18] [19] [20] which are not so closed to physiological state and clinical practice. On the other side, Liu et al. [21] have collected CBCT data from orthodontic patients; however, they only assessed the volumetric deviation with the extracted teeth.
In this study, CBCT data from patients who need tooth extraction for orthodontic purpose were used and the extracted teeth were collected. Linear, volumetric, and geometric accuracy of the 3D reconstruction models from CBCT were assessed and the influences of voxel size and scanner system on the accuracy of 3D reconstruction models from CBCT were also investigated.
Methods

Sample preparation
Orthodontic patients with first or second premolar extracted in the Second Dental Center, Peking University School and Hospital of Stomatology, Beijing, China from 2014 to 2015 were included in this prospective clinical study. Patients were scanned before tooth extraction by NewTom VG CBCT scanner (Aperio Services, Verona, Italy) with voxel size of 0.15 mm or 0.30 mm or VATECH DCTPRO CBCT scanner (VATECH Co., Ltd., Korea) with voxel size of 0.30 mm prescribed by orthodontist. All extracted teeth were brushed under running water to remove adherent blood and cleaned of residual bone, soft tissue, and then preserved in 0.9% normal saline. Patient's teeth with metallic restorations, caries, resin fillings, or fraction were excluded. In total, fifty teeth of 18 patients (ranging from 14 to 31 years of age) were included in the sample and then assigned to three groups according to CBCT system and voxel size: NewTom VG 0.15 mm group, NewTom VG 0.30 mm group, and VATECH DCTPRO 0.30 mm group.
The estimated sample number was at least 15 teeth for each group and detailed information of the groups is shown in Table 1 . The clinical study was approved by the Peking University School and Hospital of Stomatology Ethnics Committee (PKUSSIRB-201311105), and informed consent was obtained from each patient.
Tooth segmentation
Since there was no fully automatic segmentation method available as yet, we carried out a manual segmentation. CBCT data were exported in DICOM format and then imported into Materialise Mimics 18.0 (Mimics Innovation Suite18.0, Materialise Dental, Leuven, Belgium) [ Figure 1 ]. First, a single threshold value was selected based on a local gray level value and image gradient to create a mask to segment the target tooth from the background. And then, we drew or erased the mask manually layer by layer on at least two orientations to segment the tooth. The pulp cavity of the tooth was filled. At last, we smoothed and adjusted the mask according to the tooth border using the "Contour Edit" in this software. After To test the reproducibility of tooth segmentation, 15 teeth were chosen randomly by casting lots to be segmented by another professional examiner using the same protocol above. Pearson correlation coefficients were used to determine the reliability of segmentation between the two examiners.
Linear deviation
The STL files of teeth were imported in Geomagic Qualify 2012 (Raindrop, USA). The length of tooth from the buccal cusp to the root apex (buccal root apex if with two roots) on the 3D reconstruction model was measured. The tooth length was also measured on the corresponding extracted teeth at the same landmarks using electronic digital caliper (Guanglu Co., Ltd., Guilin, China; resolution: 0.01 mm) and designated as the reference value. The linear deviation was defined as the difference of tooth length between 3D reconstruction model and the physical measurement. All the measurements were made in duplicate by the two examiners. The mean and standard deviations (SDs) were calculated. Pearson correlation coefficients were used to determine the reliability between the first and second measurements of two observers. An intraclass correlation coefficient (ICC) was calculated on the measurements to determine the level of interobserver reliability. [21] Moreover, paired Student's t-test was used to assess the linear deviation.
Volumetric deviation
The volume of each 3D reconstruction model was calculated by Geomagic Qualify 2012 automatically. The volume of the corresponding extracted teeth was measured by water displacement technique using a high precise Mettler-Toledo XPE205 Analytical Balances (Mettler-Toledo LLC, Switzerland; resolution: 0.01 mg). The physical volume of the teeth was calculated as shown in Equation 1 and designated as the reference value. Accuracy of CBCT volume measurements was assessed by comparing the volume of 3D reconstruction model with the physical volume. 
Geometric deviation and visualization
The extracted teeth were scanned by 3Shape R700 optical scanner (3Shape A/S, Denmark; accuracy: 15 µm) to gain the optical model and designated as the reference models. The 3D reconstruction model (test) and the corresponding optical model (reference) were imported in Geomagic Qualify 2012 and brought into alignment automatically using the Iterated Closest Points algorithm. [22] These algorithms bring the two models into alignment by minimizing the distance between the two surfaces by calibrating six degrees transformation parameters (three rotation and three translation) [ Figure 2a -2c]. [23] The distribution of the distance was graphically visualized with a color map, starting with blue (minimum distances) and passing through yellow and then ending with red (maximum distances) [ Figure 2d ]. For each superimposed model, root mean square (RMS) was calculated and tested by one-sample t-test for each group to assess the geometric deviations (test value was 0).
Influence of voxel size and cone-beam computed tomography system
To assess the influence of voxel size and CBCT system on the linear, volumetric, and geometric measurements, all fifty teeth were designed into three groups according to the CBCT system and voxel size [ Table 1 ]: NewTom VG 0.15 mm group, NewTom VG 0.30 mm group, and VATECH DCTPRO 0.30 mm group. Linear, volumetric, and geometric deviations between each group were tested by one-way analysis of variance (ANOVA).
Statistical analysis
All statistical analyses were performed with a standard statistical software package (version 22.0, SPSS Inc., Chicago, IL, USA). Paired Student's t-test was used to assess the linear deviation, volumetric deviation for each group. One-sample t-test was used to assess the geometric deviations and the test value was 0. ANOVA was used to assess the influence of voxel size and CBCT system. The level of significance was set at 5% (α = 0.05).
results
Reproducibility of segmentation and measurement
To test the reproducibility of tooth segmentation, 15 teeth were randomly chosen to be segmented by the two examiners. The interexaminer reproducibility of 15 volume data was very high, with a Pearson correlation coefficient of 0.963 between the two examiners.
For linear measurement, Pearson correlation coefficients were 0.999 and 0.998 for the two observers, and ICC was 0.998 and 0.999 for model measurement and physical measurement to show a high level of intra-and inter-observer reliability, respectively. 
Linear deviation
Lengths of 3D reconstruction teeth from CBCT in NewTom VG 0.15 mm group, NewTom VG 0.30 mm group, VATECH DCTPRO 0.30 mm group were 20.41 ± 1.74 mm, 20.11 ± 1.43 mm, and 19.28 ± 1.27 mm and tooth lengths on extracted teeth measured by electronic digital caliper (reference values) were 20.41 ± 1.80 mm, 20.14 ± 1.56 mm, and 20.21 ± 1.25 mm, respectively. Strong correlation coefficient of the tooth length between 3D reconstruction models and extracted teeth was found for each group (NewTom VG 0.15 mm group: r 2 = 0.951; NewTom VG 0.30 mm group: r 2 = 0.974; and VATECH DCTPRO 0.30 mm group: r 2 = 0.949). Linear deviation values between the CBCT model and extracted teeth in each group were −0.03 ± 0.48 mm (NewTom VG 0.15 mm group: t = −0.263, P = 0.796), -0.45 ± 0.42 mm (NewTom VG 0.30 mm group: t = −4.313, P = 0.001), and −0.93 ± 0.40 mm (VATECH DCTPRO 0.30 mm group: t = −9.585, P < 0.001), respectively [ Table 2 ]. Significant difference was found between NewTom VG 0.15 mm group and NewTom VG 0.30 mm group (P = 0.021) and between VATECH DCTPRO 0.30 mm group and NewTom VG 0.30 mm group (P = 0.008) [ Figure 3a ].
Volumetric deviation
Volumes of 3D reconstruction teeth from CBCT in NewTom VG 0.15 mm group, NewTom VG 0.30 mm group, and VATECH DCTPRO 0.30 mm group were 499.302 ± 79.018 mm 3 , 450.524 ± 78.628 mm 3 , and 455.037 ± 91.713 mm 3 , and the physical measured volumes of extracted teeth (reference values) were 523.704 ± 85.437 mm 3 , 475.691 ± 77.320 mm 3 , and 481.809 ± 105.003 mm 3 , respectively. Strong correlation coefficients were found between the volumes of the 3D reconstruction models and physical measured volumes of extracted teeth (NewTom VG 0.15 mm group: r 2 = 0.985; NewTom VG 0.30 mm group: r 2 = 0.987; and VATECH DCTPRO 0.30 mm group: r 2 = 0.985). Volumetric deviation values between the CBCT model and extracted teeth in each group were −5.4 ± 2.8% (NewTom VG 0.15 mm group: t = −8.079, P < 0.001), −4.5 ± 3.4% (NewTom VG 0.30 mm group: t = −5.131, P < 0.001), and −4.8 ± 5.1% (VATECH DCTPRO 0.30 mm group: t = −3.922, P = 0.001), respectively [ Table 2 ]. However, there was no statistically significant difference (P > 0.05) between groups [ Figure 3b ].
Geometric deviation and visualization
Geometric deviation values in the three groups were 0.117 ± 0.018 mm (NewTom VG 0.15 mm group, t = 25.834, P < 0.001), 0.116 ± 0.014 mm (NewTom VG 0.30 mm group, t = 34.071, P < 0.001), and 0.194 ± 0.117 mm (VATECH DCTPRO 0.30 mm group, t = 6.823, P < 0.001), respectively [ Table 2 ]. No statistically significant difference was observed between NewTom VG 0.15 mm and NewTom VG 0.30 mm groups (P = 0.999), but statistically significant difference was found between VATECH DCTPRO 0.30 mm and NewTom VG 0.30 mm groups (P = 0.006) [ Figure 3c ]. The distance between the imposed models was shown with a 3D color map. In general, the maximum deviation of segmentation region was mostly distributed at apex of the root or cusp and groove on occlusal surfaces [ Figure 2d ].
dIscussIon
In this study, we used computer-assisted methods to determine if CBCT can be used to accurately reconstruct 3D tooth model. CBCT data and extracted teeth from patients for orthodontic purpose were used to make the study more relevant to clinical practice. was used to assess the linear and volumetric deviation between 3D reconstructions of teeth from cone-beam computed tomography and the physical measurements of the extracted teeth. One-sample t-test was used to assess the geometric deviations and the test value was 0 (α = 0.05). A: NewTom VG 0.15 mm group; B: NewTom VG 0.30 mm group; C: VATECH DCTPRO 0.30 mm group. SD: standard deviation; 3D: Three-dimensional. 
Table 2: The linear, volumetric, and geometric comparison between 3D reconstructions of teeth from cone-beam computed tomography and the physical measurements of the extracted teeth (mean ± SD)
Accuracy of linear, volumetric, and geometric deviation on three-dimensional construction model from cone-beam computed tomography data
The first aim of this study was to assess the accuracy of the linear, volumetric, and geometric measurement of the 3D reconstruction models from CBCT data. In our study, Pearson correlation coefficients between the 3D reconstruction model and extracted teeth were high on linear and volumetric measurements, which confirmed the reliability of 3D reconstruction from CBCT data.
The linear deviations in NewTom VG 0.15 mm group, NewTom VG 0.30 mm group, and VATECH DCTPRO 0.30 mm group were −0.03 ± 0.48 mm, −0.45 ± 0.42 mm, and −0.93 ± 0.40 mm and the volume deviations were −5.4 ± 2.8%, −4.5 ± 3.4%, and −4.8 ± 5.1%, respectively. There was a tendency to underestimate the reference values in consistent with previous studies. [17] [18] [19] [20] [21] Liu et al. [21] found that the volumetric measurements of teeth derived from CBCT deviated slightly from the physical volumes within the range of −4-7% and smoothing operations reduced volume measurements by 3-12%. In our study, the volume deviation was lower than Liu et al.'s results. One possible reason was that more accurate volume measurement technique was used in our study. The smoothing operations in tooth segmentation might be another reason to explain the difference between our results and Liu's.
Maret et al. [16] compared 120 pairs of micro-computed tomography (CT) (41 µm) and CBCT (76 µm) surfaces (one pair representing a single tooth), and the RMS between micro-CT and CBCT surfaces ranged from 0.051 to 0.249 mm. In our study, optical scans of the extracted teeth were taken as reference because it was more accurate (<20 µm) and more available. Geometric deviation between the CBCT surface and optical scans in our study ranged from 0.075 to 0.142 mm (NewTom VG 0.15 mm), 0.094-0.148 mm (NewTom VG 0.30 mm), and 0.154-0.330 mm (VATECH DCTPRO 0.30 mm). The high accuracy in our study confirmed the reliability of accurately reconstruct 3D tooth model from CBCT data.
On the geometric color map, the maximum deviation usually existed on the apex or groove on the occlusal surface [ Figure 2d ]. Because of the low contrast to noise ratio in CBCT, it was hard to distinguish the apex with the alveolar bone [ Figure 4c , 4j, and 4k] and grooves details were less visible in comparison with optical scans [Figure 4d , 4h, and 4l].
Influence of voxel size and cone-beam computed tomography system on the accuracy of tooth segmentation
Many factors possibly influence the accuracy of the 3D reconstruction, including scanning system, FOV, examined object, exposure time, tube voltage and amperage, and also spatial resolution defined by the voxel size. [15] In clinical practice, most scanning and reconstruction parameters are preestablished and cannot be adjusted and limited parameters, such as voxel size, scanner system, FOV, can be chosen by dentist for specific diagnostic tasks and the study on these factors might be more usually to clinical practice. Therefore, the second aim of the study was to investigate the influence of voxel size and CBCT system on the accuracy of 3D reconstruction. Medium FOV, mostly used in clinical practice, was chosen in our study. Two popular CBCT systems (NewTom VG CBCT scanner and VATECH DCTPRO CBCT scanner) and two commonly used voxel size of 0.15 mm and 0.30 mm were chosen in our study. However, 0.15 mm voxel size was unavailable in VATECH DCTPRO CBCT scanner system (the minimum voxel size was 0.20 mm). Hence, there were only three groups (NewTom VG 0.15 mm, NewTom VG 0.30 mm, and VATECH DCTPRO 0.30 mm) and no VATECH DCTPRO 0.15 mm group. No significant difference was found on volumetric and geometric measurement between the different voxel size groups in the same CBCT system (NewTom VG) in our study. The increased voxel resolution did not cause a significant difference on accuracy of the reconstruction models.
The diagnostic ability of CBCT images appears to be influenced by voxel size. Reducing the voxel resolution can result in a lower-quality image, more noise and artifacts, and less detailed anatomic information. Greater voxel size results in generally "sharper" images by increasing the signal-to-noise ratio [ Figure 4a -4h]. However, greater voxel resolution is accomplished with an increased scanning time, exposing the patient to a higher radiation dosage also an increased risk of patient movement. Moreover, the patient movement will decrease the image quality and increase the difficulty of tooth segmentation [ Figure 4 ]. [24] Liedke et al. [25] investigated simulated external root resorption of tooth roots imaged with voxel sizes of 0.40, 0.30, and 0.20 mm. They concluded that the results from the different voxel sizes were the same even if diagnosis was easier at a smaller voxel size of 0.30 or 0.20 mm. In our study, no significant difference was found between the NewTom VG 0.15 mm and NewTom VG 0.30 mm groups and it indicated that the benefits of a shorter scanning time (i.e., lower radiation exposure and less patient movement) might outweigh the poorer resolution. In addition, the lower voxel size scans needed a lower storage space in computer and were easier to transport on local area network. It implied in clinical practice, 0.30 mm would be suitable for accurate tooth segmentation. However, care must be taken when it came to a different CBCT system.
In our study, the geometric accuracy of the NewTom VG system was higher than the VATECH DCTPRO system even if using the same voxel size. Image quality was variant between different CBCT systems because of differences in detector type, scanning, and reconstruction parameters can cause different artifact levels. CBCT suffers from beam hardening artifacts because enamel is the hardest tissue in the human body, and the X-ray beam cannot be kept completely uniform. [26, 27] However, the influence of beam hardening artifacts is much lower when a higher kVp (110 kVp in NewTom VG system, 90 kVp in VATECH DPRO system) leading a higher beam throughput and more uniform filtration and with more acquisitions available [ Figure 4e -4l]. Besides, compared with VATECH DPRO system, NewTom VG equips with lower scan time to decrease movement artifact and better detector to get more volume information for reconstruction available.
In conclusion, CBCT can be used to accurately reconstruct 3D tooth model for linear, volumetric, and geometric measurements. Increasing the voxel resolution from 0.30 to 0.15 mm to construct a 3D model does not result in increased accuracy. However, different CBCT systems can have different measurement results even with the same voxel size.
